Virus gene expression in rat cells transformed by either avian myelocytomatosis virus strain MC29 or avian erythroblastosis virus has been studied by biological and biochemical methods. In the clones examined, virus-specific sequences were found to be transcribed into RNA and, in most clones, the characteristic gag-related proteins could be identified. The transformed rat cells were fused to permissive chick cells and the rescued virus was shown to transform both chick embryo fibroblasts and the appropriate haemopoietic cell type in chick bone marrow cultures. These results clearly demonstrate that, as with the non-defective avian sarcoma viruses, the genetic information responsible for transformation by the defective avian leukaemia viruses can be expressed in non-permissive mammalian host cells as well as in permissive avian cells.
INTRODUCTION
Avian myelocytomatosis virus strain MC29 and avian erythroblastosis virus (AEV) are members of the replication-defective acute leukaemia virus (DLV) group of avian retroviruses (Hanafusa, 1977; . In vivo they are highly oncogenic and in vitro they transform cells of the myeloid (MC29) and erythroid (AEV) lineage in chick bone marrow cultures, as well as avian fibroblasts. MC29 and AEV have also been reported to transform mammalian fibroblasts, by direct infection (Quade, 1979) and by transfection (Copeland & Cooper, 1980) . Both MC29 and AEV are functionally defective in the three retrovirus genes necessary for replication, namely gag (which encodes the internal structural proteins), pol (reverse transcriptase), and env (envelope glycoproteins) (Bister & Vogt, 1978; Hayman et al., 1979) , as a result of partial or complete deletions of the corresponding gene sequences (Duesberg et al., 1977; Bister & Duesberg, 1979; Lai et aL, 1979; Roussel et al., 1979) . However, they contain additional sequences of cellular origin (Mellon et al., 1978; B ister & Duesberg, 1979; Hu et al., have been proposed as the transforming proteins of these viruses . However, it is possible that non-gag-related products, for which no assay is available, are also expressed. In fact, in vitro translation of partially degraded AEV virion RNA has indicated that it also encodes the sequence information for a protein of 40000 daltons (40K) Lai et al., 1980; Pawson & Martin, 1980; Yoshida & Toyoshima, 1980) and mRNA able to direct the synthesis of 40K has been identified in AEV-infected cells (Anderson et al., 1980; Vennstr6m et al., 1980; Saule et al., 1981) .
The analysis of the mechanism of DLV transformation has been hampered both by the lack of specific antisera to the putative DLV transforming proteins and by the difficulty in obtaining suitable DLV mutants. The recent description (Quade, 1979) of rat cells transformed by MC29 and AEV should provide a suitable system both for raising antisera to proteins specific for DLVtransformed cells and for isolating DLV variants with altered transformation potentials. However, it is first necessary to demonstrate that the virus genome persists in transformed rat cells and maintains its transformation potential for avian haemopoietic cells, and that the putative transforming functions of the virus genome can be expressed in rat cells. In this paper, we report further biological and biochemical characterization of rat cells transformed by MC29 and AEV. Virus rescued by fusion of the rat cells with permissive chick cells maintains its transformation potential for the appropriate haemopoietic target cells in chick bone marrow cultures. In the MC29-transformed clones examined, although virus is easily rescued, the 110K protein of MC29 is generally expressed only at very low levels; however, in all AEV-transformed clones, the virus genome is expressed at both the RNA and protein level.
METHODS
Viruses and cells. MC29, with the subgroup D transformation-defective (td) Carr-Zilber-associated virus (CZAV) as helper virus and AEV strain ES4, with CZAV or tdB77 (subgroup C) as helper, were the gift of Dr T. Graf (Deutsches Krebsforschungszentrum, Heidelberg, F.R.G.). Rous-associated virus type 1 (RAV-1), CZAV used in rescue assays and RSV strain B77 were provided by Dr J. Wyke (Imperial Cancer Research Fund, London, U.K.). All MC29-, AEV-, and B77-transformed rat cell lines were derived from the subclone 208F (Quade, 1979) of line F2408 (Rat-l) Fischer rat cells (Mishra & Ryan, 1973) . Primary cultures of brown leghoru x white leghorn C/E chick embryo fibroblasts (CEF) (Wickham Laboratories, Wickham, Hants., U.K.) and Japanese quail embryo fibroblasts (QEF) (Cherry Valley Hatchery, Grimsby, U.K.) were prepared by standard procedures (Vogt, 1969) . Bone marrow cultures were prepared by aspirating marrow from the leg bones of 10-to 14-day-old chicks. Avian myeloblastosis virus (AMV)-infected myeloblasts, AEV-transformed non-producer erythroblasts (A6Hb and LSCC HD3), and AEV-transformed non-producer fibroblasts (NP75) were kindly provided by Dr T. Graft The MC29-transformed quail cell line Q8 was the gift of Dr K. Bister .
Media. Rat cells, CEF, and DLV-transformed CEF were propagated as described previously (Quade, 1979) . QEF were propagated in Dulbecco's modified Eagle's medium (DME) supplemented with 10% tryptosephosphate, 5 % foetal calf serum (ECS), 2 % chick serum (CKS), and 0.5 % dimethyl sulphoxide (DMSO). Chick bone marrow cultures were grown in RPMI medium (Flow Laboratories) supplemented with 8% FCS, 2% CKS, and l0 -3 M-HEPES. Virus infections were always performed in the presence of 2 ~tg/ml Polybrene (hexadimethrine bromide; Aldrich, GiUingham, U.K.).
Virus assays. Focus assays were performed essentially as described by Graf (1972) and bone marrow assays were performed by in vitro infection of 5 x 106 to 10 x 106 bone marrow cells from a 10-to 14-day-old chick (Grafet al., 1979) . After incubation at room temperature for 1 to 2 h, the cells were seeded in DME containing 1.1 % methyl cellulose (Methocel MC 4000 cP; Fluorochem Ltd., Glossop, U.K.) supplemented with 2 mM-HEPES and 2% CKS, plus either 10% calf serum (for MC29-infected cultures) or 10% FCS (for AEV-infected cultures). Colonies were isolated as described previously (Hayman et al., 1979) and the cells tested for adherence to the substrate and expression of erythroblast-specific antigens using anti-erythroblast serum , kindly provided by Dr H. Beug (Deutsches Krebsforschungszentrum).
Molecular hybrMization in solution. Total cellular RNA was extracted as described previously (Leong et al., 1972; Weiss et al., 1977) . Radiolabelled virus-specific complementary DNA (cDNA) transcripts were synthesized in an exogenous reaction containing purified high mol. wt. (50S to 70S) virus RNA plus calf thymus DNA primers and purified AMV polymerase (Taylor et al., 1976) . A series of specific cDNA probes representing limited regions of avian retrovirus genomic information was prepared, cDNArep, complementary to the complete genome of the td Prague-B (td PR-B) strain of RSV, and cDNAen~ (complementary to the virus env gene) were isolated by the method ofTal et al. (1977) , except that RNA from the env-Bryan strain of RSV was used in the selection ofenvspecific probe, cDNA complementary to the gag and pol genes and c region (cDNAgag_pol.~) was purified from duplexes between cDNAre p and Bryan RSV after hydrolysis in alkali, cDNA~rc was isolated according to the procedures of St+helin et al. (1976) . cDNAs complementary to the unique regions of AEV (cDNAaev) and MC29 (cDNAMczg) were prepared as described previously (Sheiness et al., 1978; St6helin et al., 1980; Saule et al., 1981) . A standard hybridization reaction contained 0-6 M-NaC1, 2 x 10 -3 M-EDTA, 2 x 10 -2 M-Tris-HC1 pH 7-4, 500 ~tg/ml calf thymus DNA as carrier, 2000 ct/min (0.02 ng) 3H.labelled cDNA or 2000 ct/min (0.005 ng) 32p.labelled cDNA, and test RNA in large excess. Hybridization was performed in glass capillaries at 68 °C; the extent of annealing was analysed by digestion with S1 nuclease (Leong et al., 1972) .
Northern blot analysis. Poly(A)-containing RNA was prepared from the AEV-transformed non-producer clones NP75 (chicken) and ATla (rat) as described by Verma (1978) . The RNA was treated with glyoxal and electrophoresed in 1% agarose gels (McMaster & Carmichael, 1977; St~helin et aL,1980) . The size-fractionated RNA was then transferred to diazobenzyloxymethyl (DBM) paper (Alwine et aL, 1977) and annealed with 32p-labelled cDNAAEv. After hybridization, the Northern blots were first washed 20 min in 2 × SSC (0.3 M-NaC1, 0.03 Msodium citrate)/1 x Denhardt's solution (0.02% bovine serum albumin, 0,02% polyvinylpyrrolidone, 0.02% Ficoll) and non-hybridized cDNA was removed by gentle sonication for 3 min in 0.1 x SSC containing 0.1% SDS. The blots were autoradiographed using Kodak X-Omat X-ray film and DuPont Cronex Lightning Plus screens at -70 °C.
Immunoprecipitation and trypticpeptide map analysis~ Cells were labelled for 30 min with [35S]methionine and cell lysates prepared by standard techniques . Normal rabbit serum and antiserum against Nonidet P40-disrupted RSV strain Prague-B were described previously (Hayman et at., 1976) . Immune precipitations were carried out by isolating the immune complexes with protein A-bearing Staphylococcus aureus (Kessler, 1975) . The analysis of immune precipitates on SDS-polyacrylamide gels, autoradiography, and tryptic peptide fingerprint analysis have been described by Hayman et al. (1979) .
RESULTS

Transformation of bone marrow cultures
Virus rescued from several MC29-and AEV-transformed rat cell lines has been shown previously to transform chick embryo fibroblasts (Quade, 1979) . However, in order to demonstrate that after passage in rat cells both MC29 and AEV also retained the ability to transform the appropriate bone marrow cells, rescued virus was assayed by in vitro transformation of chick bone marrow cultures in addition to CEF focus assays (Table 1 ). In the bone marrow assays, virus isolated from MC29-transformed rat cells induced characteristic diffuse colonies of macrophage-like cells (Langlois et al., 1969; Graf, 1973) , whereas virus from AEV-transformed cells induced dense, compact colonies of erythroblast-like cells (Graf et al., 1976) (Fig. 1) . In order to characterize the proliferating cells, several colonies were subcultured and the cells tested for adherence to the substratum, for erythroblast-specific cell surface antigens by indirect immunofluorescence with anti-erythroblast serum, and for the presence of the characteristic gag-related proteins of MC29 and AEV. In addition, several transformed foci from assays on quail embryo fibroblasts were grown up and examined for virus proteins (Table  2) . Cells from bone marrow colonies induced by virus rescued from MC29-transformed rat cells were found to be relatively adherent to the substratum and were negative for erythroblastspecific cell surface antigens, whereas cells from colonies arising from virus rescued from AEVtransformed cells were non-adherent and were highly fluorescent when tested with the antierythroblast serum. These cells therefore have the characteristics of MC29-transformed macrophage-like and AEV-transformed erythroblast-like cells respectively. Furthermore, the characteristic MC29-110K protein and AEV-75K protein were identified in all appropriate colonies and foci examined. In order to rule out the possibility that contaminating avian sarcoma virus (ASV) could be at least partly responsible for the transformed phenotype, CEF cultures infected with virus rescued from ATla ( + RAV-1), AC3, MCla and MC2 (+ RAV-1) were analysed for the presence of a pp60src-like protein kinase activity in the immune complex assay (Collett & Erikson, 1978) and were found negative (A. E. Smith & K. Quade, data not shown), thus demonstrating that no functional pp60 src was present. Supernatants from the rat cells themselves were also tested for virus production by reverse transcriptase assay (Tereba & Murti, 1977) , CEF focus assay, and bone marrow assay; they were negative in all tests (data not shown). It would thus appear that, as with ASV (Boettiger, 1974; Eisenman & Vogt, 1978) , rat cells are non-permissive for DLV production. 1 x 106 0 * The transformed rat clones and subclones (MC3b, AC3b and AC4a being subclones of MC3, AC3, and AC4 respectively) have been described previously (Quade, 1979) ; additional clones (MC5, MC6, AC6 and AC7) were obtained by co-cultivation (Chen et al., 1977) of uninfected 208F Fischer rat cells with DLV-infected CEF and isolation by micromanipulation (Macpherson, 1969a) or as colonies in agar (Macpherson 1969b ). MC4a was isolated as a colony in agar after direct infection of 208F cells with MC29(CZAV).
t Virus pseudotype with which the rat cells were infected. ++ Virus was rescued as described previously (Quade, 1979) by fusion of the rat cells with uninfected CEF or CEF preinfected with helper virus.
§ Focus and colony assays were performed as described in Methods. Different stocks of rescued virus were sometimes used in the different assays and the assays were not necessarily performed at the same time; therefore, comparison between the titres on CEF and on chick bone marrow cells cannot be accurately made for a particular rescued virus.
II Virus stocks used for comparative purposes in the focus and bone marrow assays. ¶ NT, Not tested.
Expression of virus mRNAs
The ability to rescue virus f r o m n o n -p r o d u c e r clones suggests t h a t t h e i n t e g r a t e d virus s e q u e n c e s are being e x p r e s s e d in the t r a n s f o r m e d rat cells. T o test directly the level of virus gene expression, we e x t r a c t e d total cellular R N A f r o m the M C 2 9 -t r a n s f o r m e d clone M C l a a n d the NT NT * Stocks of rescued virus were prepared as described in Table 1 . AMV-infected myeloblasts and AEVtransformed non-producer erythroblasts (LSCC HD3) (Savin & Beug, 1981) were used as controls in the immunofluorescence test.
t BMC, colony picked from bone marrow Methocel assay; QEF, focus of cells from an assay on quail embryo fibroblasts. Numbers in parentheses refer to the number of colonies or foci tested.
:~ Percentage of positive cells in an indirect immunofluorescence test with anti-erythroblast serum. § Percentage of cells easily removed from tissue culture dish by gentle washing.
II Presence of the characteristic gag-related proteins of 110K (MC29) or 75K (AEV) in immune precipitates analysed by SDS-polyacrylamide gel electrophoresis. The MC29-transformed quail cell line Q8 (Bister etal., 1977) and A6Hb were used as sources of MC29-110K and AEV-75K respectively in immune precipitations (see legend to Fig. 4) .
¶ NT, Not tested. AEV-transformed clone A T la and measured virus-specific sequences by liquid hybridization to specific c D N A probes. R N A from M C l a was compared to cellular R N A from an MC29-transformed non-producer quail fibroblast clone, Q8 (Fig. 2) Virus-specific RNA expression in ATla was compared to NP75, a chicken fibroblast clone non-productively transformed by AEV (Fig. 3) . Again, similar plateau values were obtained with ALV-related cDNA probes and with an AEV-specific probe (cDNAAEv). The level of virus-specific transcription in ATla was also low (10 to 20 copies/cell) in comparison to NP75 (100 to 200 copies/cell). RNA from ATla was further analysed to determine whether both AEVspecific RNA species of 30S and 23S were transcribed. Total poly(A)-containing cellular RNA from NP75 and ATla (Fig. 4) were electrophoresed, transferred to activated DBM paper, and hybridized to a 32p-labelled cDNAAEv probe. ATla contained two virus-specific RNAs indistinguishable in size from the RNA species observed in NP75; this suggests that there are no major differences in the processing or splicing of the virus mRNAs in the rat cells.
IP
Expression of virus proteins
In order to determine whether DLV-infected rat cells contain the characteristic gag-related proteins, MC29-11 OK and AEV-75K, lysates were prepared from [35S]methioninedabelled cells and analysed using anti-whole Prague-B serum. Fig. 5 illustrates the results with the MC29-transformed clones. Only in M C1 a and MC4a was the MC29-11 OK protein routinely detectable, typically at low or very low levels; a band at 110K was only occasionally observed in other MC29-transformed rat cells and could not be distinguished with certainty above the background. However, MC29-11 OK was always present in avian cells (both fibroblasts and bone marrow) after infection with rescued virus (Table 2) . Occasionally, an additional band of 90K to 100K could be observed in MC1 a and/or MC4a, but no bands of lower mol. wt. were found. Uninfected 208F cells and two B77-transformed cell lines, B1 (infected by co-cultivation) and B2 (transformed by direct infection), were also analysed for virus proteins (Fig. 5) . As expected, 208F did not contain detectable virus structural proteins; however, although B1 contained the gag gene precursor Pr76gag, no virus proteins were observed in B2.
All AEV-transformed lines analysed (Fig. 6 ) contained AEV-75K protein at relatively high levels, with the exception of AC6 in which a faint but reproducible band was observed; no other proteins were detected. Because the 75K protein was synthesized in relatively large amounts, and since its mol. wt. is close to that of Pr76, the 75K protein from A T l a was purified by gel electrophoresis and analysed by two-dimensional tryptic peptide mapping. The virus-specific protein expressed in A T l a was found to be indistinguishable from the AEV-75K produced by AEV non-producer erythroblasts (Fig. 7) . DISCUSSION The transformation of hcterologous cclls by MC29 and AEV has bccn recently reported (Quade, 1979; Copcland & Cooper, 1980) . In this paper, wc have analysed the expression of virus-specific information in transformed rat cclls by examining ccllular mRNA for virus scquenccs and [3SS]mcthionine-labclled ccll lysates for virus-related proteins. In addition, rescued virus has been tested for the ability to transform CEF, QEF, and chick bone marrow culturcs. By these criteria, it has bccn clearly dcmonstratcd that MC29 and AEV viruses can infect mammalian cells and partially or fully express their gcnomes. Thc patterns of hybridization of RNA isolated from MCla and ATla with various cDNAs specific for portions of the DLV gcnomc arc virtually indistinguishablc from the hybridization patterns sccn with an MC29 non-produccr quail cell line or AEV non-producer crythroblasts respectively ( Fig. 2 and  3 ). This is not uncxpcctcd for ATIa; both the inability to rcscuc transforming virus without exogenous hclpcr virus (Quade, 1979) and thc pattcrn of intcgrated DNA in restriction cnzymcSouthern blotting experiments (Quade et al., 1981) suggest that ATIa contains only the AEV gcnomc. However, transforming virus can bc casily rcscucd from MCla without exogenous hclpcr (Quadc, 1979; Tablc I) and its pattern of integrated DNA suggests multiple copics of the infecting pscudotypc CZAV (K. Quadc, unpublished data). It would thus appear that the helper virus scqucnces arc not expressed in MCla cells but can bc activated upon fusion with pcrmissivc chick cells, yiclding cfficicnt rcscuc of thc MC29 gcnomc.
Uninfcctcd avian and mammalian cells contain nucleotidc sequences related to the transforming gcnc of MC29 (c-myc) and AEV (c-erb) . In avian fibroblasts these sequcnccs arc transcribcd at about 3 to I0 and 2 to 3 copies pcr ccll rcspcctivcly (Rousscl et al., 1979; Sheincss & Bishop, 1979) . Although the mechanism by which DLVs transform cells is not yet understood, one possibility is that transformation may be due to the over-expression of a normal cellular gene product (possibly with a role in growth control or regulation). It would thus not be surprising that MC29 and AEV are able to transform mammalian cells; however, MC29-specific sequences in the mRNA of MCla and AEV-specific sequences in ATla are both present at levels of 10 to 20 copies per cell, a concentration only 3-to 10-fold higher than that observed for the cellular homologue sequences in avian fibroblasts. The AEV-specific sequences are efficiently translated into the correct gene product, but the MC29/110K protein is consistently observed in only two MC29-transformed rat clones although virus rescued from all such clones induces MC29-110K in infected avian cells. Similarly, it has been previously observed that RSVtransformed mammalian cells may contain low or undetectable levels of virus structural proteins (e.g. B2 in Fig. 4 ; M. J. Hayman, unpublished observations) and also only low levels of srcspecific mRNA but may nonetheless present a stable transformed phenotype (Quintrell et al., 1980) . Furthermore, three non-conditional MC29 mutants have been isolated which transform haemopoietic cells in vitro with greatly reduced efficiency yet still transform avian fibroblasts, suggesting that the response of different cell types to MC29 transforming information may differ . Thus, it may be that, although the expression of 110K is below the level of detection, its effective concentration in the rat cells is still sufficient to maintain their transformed phenotype. Alternatively, until it is definitively proven that the 110K protein is responsible for MC29 transformation, the possibility exists that an as yet unidentified protein (perhaps generated only by MC29-specific sequences and therefore undetected by antisera to the retrovirus-shared gag determinants) is the true MC29 transforming protein. There is no evidence, however, for a second mRNA species in MC29-infected cells, (D. St6helin, unpublished data), although cells infected with OK 10, a DLV strain related to MC29, do contain two virus-related mRNA species (Chiswell et al., 1981) . Finally, it may be that the phenotype of the rat cells is due to 'spontaneous' transformation and the presence of the MC29 virus genome is irrelevant. This cannot be ruled out, but the fact that the pattern of transformation parameters expressed in these cells (K. Quade, unpublished results) resembles that of MC29-transformed avian fibroblasts and is distinct from the pattern of either AEV-or RSV-transformed CEF (Royer-Pokora et al., 1978) suggests that the resultant transformed phenotype is at least partially due to the presence of the MC29 genome.
A chicken antiserum has been described recently which recognizes AEV-specific determinants of the AEV-75K protein (Beug et al., 1981) but no such antisera are available for either the AEV-40K [which shares no tryptic peptides with AEV-75K Lai et al., 1980) ] or the MC29-110K. All of the MC29-and AEV-transformed cell lines so far tested have been tumourigenic both in newborn and young adult syngeneic rats (K. Quade, unpublished results). Thus, it should be possible to raise antisera to transformation-specific proteins present in the transformed cell lines. An antiserum to the AEV-40K protein would be of particular interest, and the analysis of sera from tumour-bearing rats is in progress.
The analysis of the mechanism of DLV transformation has been hampered by the difficulty in obtaining suitable mutants. Only one ts and one non-conditional (RoyerPokora et al., 1979; Beug et al., 1980 ) mutant of AEV have been reported; several nonconditional MC29 variants have now been described , but no ts mutants. Rat cells transformed by RSV have recently been shown to be an excellent source of RSV src gene mutants (Oppermann et al., 1981 ; Varmus et al., 1981) . Rat cells transformed by M C29 and AEV may also prove to be a particularly suitable system for isolating MC29 and AEV variants because the virus genome can be manipulated as integrated DNA. Revertants of the AEV-transformed cell line AT 1 a have been isolated (Quade et al., 1981) , and experiments are in progress to isolate both revertants and variants of other DLV-transformed cell lines.
